Changes in the composition of the non-copepod zooplankton assemblage in St Helena Bay (southern Benguela ecosystem) during a six day drogue study ' ABSTRACT: Marked changes in the composition and structure of the non-copepod components of a zooplankton assemblage were observed during the course of a 6 d drogue study in the southern Benguela ecosystem. These changes reflected in part the spiraled nature of the drogue and were hnked to the settlement of meroplankton from the surface waters and to the nocturnal recruitment, and subsequent accumulation, of migratory holoplankton and zoobenthos from depth. The presence of large numbers of benthic species in the plankton is hypothesised to reflect their upward migration at night owing to food limitation, since little of the overlying diatom bloom was sedimenting out. The presence of low-oxygen bottom water is hypothesised to account for the failure of the detritivorous zoobenthos to return to the seafloor during the day. The results suggest that the composition of zooplankton assemblages in upwelling areas is not only driven by the dynamism of the physical environment, but that, under certain circumstances, a more subtle interplay between the biological and physical environment may result in strong changes in assemblage composition.
INTRODUCTION
Zooplankton assemblages in the waters of the central ocean basins are typically diverse and display a constancy of structure and composition that spans a wide range of temporal and spatial scales (McGowan & Walker 1979) . In upwelling areas, by contrast, assemblages are generally of low diversity (Gibbons & Hutchings 1996) , and there is often little similarity between samples of zooplankton collected a few days apart in time and a few kilometres apart in distance (Hayward 1986 , Hutchings 1988 . Differences in the diversity and complexity of the assemblages in the 2 areas, as well as differences in the constancy of assemblage structure, reflect differences in the physical environment. The stability and age of the oligotrophic ocean basins have allowed biological processes such as competition and predation to shape the structure of zooplankton assemblages (McGowan & Walker 1979 , Hayward 1980 , Hopkins et al. 1989 , Flock & Hopkins 1992 . Upwelling regions, on the other hand, are both physically dynamic and of relatively recent origin (Shannon 1985) , so that biological processes can play only a limited role in shaping assemblage structure.
Although the physical environment essentially limits the complexity of the assemblage that can evolve in upwelling areas, biological processes are nevertheless thought to structure the phytoplankton communities, and ecological succession has been documented (Pitcher et al. 1991) . Newly upwelled water is characterised by low chlorophyll biomass and phytoplankton assemblages which are dominated by small diatoms. As the water column stabilises and moves offshore by Ekman transport, chlorophyll biomass increases and communities become dominated by large and chainforming diatoms. With a n increase in stratification and a progressive loss of nutrients from the surface waters, diatoms are replaced by dinoflagellates which in turn give way to small naked flagellates (Pitcher et al. 1991 (Pitcher et al. , 1992 . This type of succession is autochthonous, because the upwelled water itself contains the seeds of all the species that comprise the successional sequence.
There is little comparative information for zooplankton. Evidence of autochthonous changes in zooplankton assemblage composition that mirror changes in the phytoplankton is not to be expected given the basic lag in response times of phytoplankton and zooplankton (Hutchings 1992) . That is not to say, however, that changes in the structure and composition of zooplankton assemblages might not occur following an upwelling event, because animals could migrate into, and out of, a maturing water mass in response to biological and physical cues. Changes in the composition of the non-copepod components of the zooplankton assemblage in St Helena Bay, South Africa, were investigated to explore this possibility, following an upwelling event.
MATERIALS AND METHODS
A 6 d drogue study was conducted in St Helena Bay (32" 35'S, 18" 07' E) between 20 and 26 February 1995 from the FRS 'Africans'. A weighted 2 m tetrahedral drogue was positioned at 10 m depth and was connected via line and shock-cord to a surface buoy equipped with a radar reflector and flashing light. The drogue was tracked via the ship's GPS-interfaced radar.
Environmental variables and plankton samples were collected at regular intervals (stations) throughout the day and night over this period, close to the position of the drogue. Currents were measured using an RD Instruments 150 kHz acoustic doppler current profiler (ADCP) at each station. A Neil Brown Mk 3b conductivity-temperature-depth (CTD) instrument with a 12 bottle rosette was lowered from the surface to near the bottom at each station to provide profiles of salinity and temperature. Water samples were taken for the determination of dissolved oxygen at regular depth intervals. The concentration of dissolved oxygen was determined by the Winkler method, u.sing azide to coun.teract the possible presence of nitrites. Fluorescence profiles were obtained using a Chelsea Instruments Aquatracka submersible fluorometer mounted on a magnum rosette, and water samples were collected at the surface and at the fluorescence maxlmum for determination of chlorophyll a. Chlorophyll samples were analysed within 6 h following the method of Parsons et al. (1984) .
Zooplankton were collected throughout the day and night using both depth-integrating vertical nets and depth-stratified nets. The paired vertical Bongo nets were fitted l a t h 200 pm mesh and were hauled from 5 m above the seailoor to the surface at 1 m S-'. A mechanical flowmeter was fitted above the mouth of 1 of the nets to determine the volume of water filtered. A 200 pmmeshed 1 m2 multiple opening-closing rectangular midwater trawl (RMT 1 X 6) was towed obliquely at 2 knots over 5 depth strata from just above the bottom to the surface. These strata were approximately 60-40, 40-30, 30-20, 20-10 and 10-0 m. Flow rate was estimated using a flowmeter mounted above the mouth of the net, and 100% efficiency was assumed for the tows which were of approximately equal, short duration (<60 S). Upon retrieval, the zooplankton samples were preserved in 4 O/o buffered saline formalin for later counting.
Owing to their small size and generally delicate nature, the larvae of bivalves, gastropods, bryozoans (cyphonautes) and polychaetes were counted from the vertical Bongo samples only. As most meroplankton are likely to be weak swimmers, their collection by vertical nets should have been quantitative. Otherwise, all non-copepod zooplankton were counted from each RMT 1 X 6 sample within 2 mo of return to the laboratory. No copepods were identified and counted, although they were collected. When collections were large, subsamples were taken using a Folsom splitter, and a minimum of 100 ind~viduals was counted. Data were standardised to numbers per rn3 and m2 using flowmeter data. To provide average estimates of population size during the night and day, the different separate nighttime and daytime samples were combined.
The mean vertical position (weighted mean depth, WMD) of dominant taxa in the water column at any one time was determined using the method of Pearre (1973) :
where n, is the number of individuals per m3 within a net stratum and di is the mid-depth of that depth stratum.
To determine changes in the structure and composition of zooplankton assemblages over the study period samples were subject to classification analysis following root-root transformation (Clarke & Warwick 1994) . This analysis was based on link-average grouping using the Bray-Curtis similanty indices, and was computed using the 'Plymouth Routines In Multivariate Ecological Research' (PRIMER v4; Carr 1997) . It should be noted that only those species whose abundance represented more than 0.1 % of the assemblage were included in these analyses. A classification analysis was also conducted on the species, to determine how species grouped together through time.
RESULTS

Water movement
The drogue at 10 m depth moved in a mean northerly direction into progressively deeper water (with an average speed of 5 cm S-') during the first 4 d of the study (Fig. 1) . The track during this phase (based on 1 to 3 h positions) also shows the response of the upper layer to the diurnally varying winds, which Bathymetric depth contours are also shown reached a maximum in the late afternoon. The drogue track shows a tightening, anticlockwise curvature due to inertial effects on the decelerating current. The last 3 d of the study were conducted in conditions of low wind speed. The drogue described almost perfect inertial circles, although moving slowly southwards during the last 36 h, together with the lower water layer, as shown by the ADCP measurements (Fig. 1) . These results suggest the absence of a synoptic upwelling event or shelf-wave forcing, which typically dominate the currents on the west coast shelf (Nelson 1989) . Measurements of vertical shear in horizontal velocity were obtained both from optical tracking of small drogues in the upper 20 m (as done by Boyd 1982 off the Cape Peninsula) and from the ADCP measurements carried out whilst the vessel was stationary. These revealed significant shear through the water column, often reaching a maximum of 10 cm S-' 10m-' in the upper 30 m. On 24 and 25 February (Days 5 and 6), additional drogues were released at 2 and 20 m and these showed 'independent' inertial circles at these depths, in addition to those described at 10 m. The period of rotation at all depths was close to that expected theoretically at 3 3 " s (22 h), but the velocities were not in phase with each other.
Structure and properties of the water column
The thermal structure of the water column changed only subtly during the study ( Fig. 2A) , with the position of the base of the thermocline (marked by the 9.5"C isotherm at 25 to 35 m) and the temperatures below it remaining almost constant. The upper mixed layer, above the 12°C isotherm at 15 to 20 m, was very weakly stratified until 23 and 24 February (Days 4 and 5) when the temperature in the upper 15 m warmed by 1 to 2°C and the upper layer became more stratified. The entire water column was isohaline for the whole period, with a mean salinity of 34.7 ppt. This suggests that while current shear may have been ubiquitous in the upper layer, it operated on a small scale and there was no noticable advection of different water bodies to the vicinity of the drogue.
The oxygen time-series showed well-oxygenated water in the upper 10 m, followed by an abrupt decrease to values less than l m1 l-' below 30 m (Fig. 2B) . Although anoxic conditions were not recorded, even at the bottom, it is clear that low-oxygen water was generally present over the seabed during the daytime period (see data in Fig. 2B ). Diurnal variations in temperature can be discerned on Days 1, 3, 4 and 5, as daytime warming was followed by an uplifting of the isotherms in the late afternoon and evening ( Fig. 2A) . Similarly, several maxima and minima in surface oxygen values
occurred during the day and in the early morning respectively (Fig. 2B ). This is due to daytime production and nocturnal respiration (Bailey & Chapman 1991). Assemblages were dominated by diatoms, especially Chaetoceros spp., although populations of the dinoflagellate Ceratium lineaturn began to develop in the stratified surface waters by Day 6 (25 February). The depth-integrated pigment biomass was ca 500 mg chlorophyll m-2, and remained at this level throughout the study. The concentration of chlorophyll reached a maximum of -30 mg m-3, and although the depth of the fluorescence maximum decreased slightly with time it did not pass through the thermocline (Fig. 3 
Non-copepod zooplankton and meroplankton
A total of 31 distinct non-copepod taxa were recorded between 20 and 25 February 1995 (Table 1) . Assem-S!ages at the start of the study (Day l ) were dominated by meroplanktonic taxa (including cnidarians) and larval chaetognaths, but these were replaced by gammarid amphipods, mysids, cumaceans and euphausiids as well as adult Sagitta friderici by the end (Day 6).
Although the similarity amongst the samples was fairly high, distinct groups that corresponded to samples taken between Days 1 and 4 (20 to 23 February) and between Days 5 and 6 (24 to 25 February) could be readily distinguished (Fig. 4) .
The classification analysis of the major taxa revealed 2 major groups which could be distinguished at the 35 % level of similarity (Fig. 5) . Group A taxa were all chlorophyll over the study period those which were rare or absent at the start of the study but whose numbers increased to peak at the end (Fig. 6A) , while Group B taxa were generally recorded throughout the study penod. Within Group B, 3 clusters of species are evident, each of which showed Table 1 . Estimated abundance of all non-copepod zooplankton taxa at the start and end of the study period. Also shown are the mean occupational depths (WMD) by night and day for the dominant taxa which were used in the analysis of assemblage composition (see Figs. 4 & 5). -: data too few; 2: no depth data as taxa counted from vertical Bongo nets slightly different trends of changing abundance through the study. The taxa in Group B1 were all meroplanktonic, and all showed a decrease in abundance through time (Fig. 6B) , while the taxa in Group B11 were either holoplanktonic or benthic and showed a consistent increase in abundance (Fig. 6C) . The taxa that comprised Group BIII were of mixed life-history strategy; most were meroplanktonic and all showed variable abundances through time (Fig. 6D) . Although there were no significant changes in the mean vertical distribution of the major taxa over the die1 cycle (Table l) , there was a tendency for the WMD of the benthic taxa in Groups A and B11 to be deeper at night than by day. Such changes were associated with simultaneous nocturnal increases in abundance (as e.g. Fig. 6A ). Interestingly, many of these same species showed a progressive deepening of the mean depth of occupation (especially at night) through the study period (Fig. 7) , which mirrored not only increases in abundance, but also a warming of the surface layer ( Fig. 2A) 
DISCUSSION
Physical environment
For currents to be dominated by diurnally varying winds and inertial oscillations, significant upwelling or downwelling events (as well as advection due to shelf waves) need to be absent. This in turn depends on both the degree of synoptic scale forcing at the time, and on the exposure of the location to such forcing. The St Helena Bay area is shallow and can be regarded as sheltered in this respect. Late summer and autumn are characterised by decreased upwelling winds and increased stability, and are often associated with red tides. The physical environment during February 1995 was notable in respect of invariant salinity and lower-layer temperatures ( Fig. 2A) , and the absence of mesoscale forcing or consistent density-driven flow.
We suggest that the path of the drogue at 10 m can be regarded as a good indication of upper-layer water movement throughout the study period, despite the cyclical velocity shears that were observed, because of the major stratification occurring deeper (between 15 and 35 m). Boyd (1983) found a very similar response of near-surface drogues non-copepod zooplankton species indicated in Table 1 (above a thermocline at 8 m depth) to diurnal wind forcing in a shallow, sheltered upwelling area at 22" S off central Namibia. While drogues below the initial stratification showed weak longshore flow, when wind forcing ceased inertial circles were also observed at different depths. No evidence of semi-diurnal periodicity, indicative of a tidal component, was noted. The major implication of the above phenomena is a relatively low level of vertical mixing, and this sets the scene for a focus on biological interactions. These interactions could, in fact, have been facilitated by the horizontally circulating layers of water which increased the potential for interaction between species in different parts of the water column. The possibility of a progressive advection of lower layer waters (with different biological properties) into the sampling reference below the drogue exists, but this is not suggested by either the invariant salinity or by the temperature and oxygen measurements (Fig. 2) .
Zooplankton assemblages
The permanent members of the non-copepod zooplankton assemblage described here are routinely collected from the southern Benguela region. Indeed, species such as Sagitta tasmanica, S. friderici, Euphausia lucens and Themisto gaudichaudii have been described as characteristic components of the nearshore biota (Gibbons & Hutchings 1996) . It should be noted that while the abundance of most of these species falls within reported ranges (Gibbons et al. 1992) , the numbers of S. friderici were remarkably high. The meroplanktonic cnidarians and holoplanktonic ctenophores observed here have also been reported previously (Pages et al. 1991 , Pages 1992 , although the peak numbers attained by Pleurobrachia pileus represent a local maximum that may be partially attributable to the sheltered nature of St Helena Bay. However, departures from normal assemblage composition are observed in the variety, abundance and rel- ative persistence of the benthic and benthopelagic' species of mysids, cumaceans and gammarid amphipods ( Table 1; cf. Olivar & Barange 1990). The changes that were observed in the non-copepod zooplankton assemblage were not due to the mixing of different water types. Rather, the assemblage changed as the water mass moved gradually in a spiral fashion across the shelf. The initial assen~blages were dominated by meroplankton and chaetognath larvae, while those at the end were characterised by large numbers of benthic and benthopelagic species. The progressive decrease in abundance of meroplankton may have been due to settlement, while the loss of chaetognath larvae can possibly be accounted for by adult recruitment, cannibalism (Pearre 1982) and predation.
The gradual increase in abundance of other taxa (Groups A and BII) is clearly not the result of autochthonous succession, as none of these species have the requisite short generation times. Instead, it is postulated that these species moved (vertically) into the water column at night, but then failed to return to the benthos during the day. This hypothesis is supported by a number of lines of evidence. Firstly, the relative abundances of many of these species tended to increase at night (Fig. 6) . In other words, these organisms were recruiting to the plankton at night.
Secondly, if it is assumed that the mysids, gammarids and cumaceans were of benthic, or benthopelagic, origin then they must have moved into the water mass vertically. The nocturnal increase in the WMD for many of these species (Fig. 7) would then be caused by 'recruitment' to deep water from the seafloor. Although reverse die1 vertical migration could also explain the increase in WMD at night, this is coun-'Although some mysids, cumaceans and gamrnarids are known to be holoplanktonic (Mauchline 1980 . Raymont 1983 , the majority of species in these taxa are generally considered to be benthic (cumaceans and gamrnarids) or benthopelagic tered bv the simultaneous increase in abundance.
(rn~sids) There is no evidence to suggest that the species Thirdly, it must be remembered that the abundance of found in the southern Benguela region are holoplanktonic, and we have therefore considered these species to be benthic these species increased Over the study period' which or benthopelagic here. Having said that, however, it is clear implies accumulation or a failure to return to the that these species are flexible in their choice of habitat seafloor. Before an attempt is made to explaln the failure of the zoobenthos to return to the seafloor, it is important to ask why these organisms should have moved up into the water column in the first place, and why at night Jones (1955) noted the presence of large numbers of ovigerous females and adult males amongst a pelagic haul of cumaceans from the Benguela, which he interpreted (in part) as ind~cative of a nuptial swarm Similar observations were made here wlth regard to the structure of the cumacean population (authors' unpubl data) However, this explanat~on fails to account for the overall pattern, because the very high numbers of gammand amphipods caught at the same time d~d not appear to be spawning Indeed, no ovigerous gammarids were observed In the plankton This suggests that some other, more generalised, factor may have been responsible for the piesence of so many p e l a g~c zoobenthos An alternative explanation for the nocturnal recruitment of the zoobenthos to the plankton may be sought in the fate of the overlying pnmary production From concurrent work conducted by Kisrboe et a1 (1998) and Tisel~us & K10rboe (1 998) it was apparent thdt little of the developing Chaetoceros spp bloom was sedimenting out Indeed, despite significant aggregation, fractional losses to the sediments were less than 0.005 d-l. These authors attributed this to the neutral buoyancy of the aggregates, and their in s~t u consumption by colon~es of Noctiluca scintillans. Most cumaceans and gammarid amphipods are considered to be detritivores, and it is hypothesised that their presence in the water column might therefore have reflected food limitation. Upward vertical migration is exhibited by many planktonic and pelagic organisms at night and the behaviour reflects a balance between the need for food and a need to minimise predation risk (Gabriel & Thomas 1988) . It is not unreasonable. therefore, to suggest that suitably adapted benthic organisms might display a behaviour which is similar to that of planktonic organisms under conditions of low food.
Such a n hypothesis is supported by changes in the vertical distribution of the phytoplankton aggregates through time. At the start of the study when the numbers of 'pelagic' benthic species were low, phytoplankton aggregates were distributed more or less evenly throughout water column (Fig. 7 in Kisrboe et al. 1998) . However, by the end of the study most aggregates were concentrated in the upper 30 m (Fig. 7 in Kisrboe et al. 1998) . Such a change may have caused not only an increase in the abundance of 'pelagic' benthic species, but might also have encouraged them to migrate as shallow as 30 m (Table 1 ). This argument is further strengthened by the fact that 1 of the benthic species, at least, was present in the water column with pigment-filled guts (Fig. 8A) . Indeed, the cumacean Diastylis algoae had substantial amounts of pig-ment in its gut throughout the water column (Fig. 8B) , 89.2% (SD 8.2%, N = 251) of which was phaeopigment. This suggests that for 1 species at least the individuals in the water column were feeding there.
An explanation for the failure of the zoobenthos to return to the seafloor during the day may be sought in the presence of low-oxygen water close to the bottom (Fig. 2B) . The cyclical nature of the drogue track was such that inshore samples were collected during the day (Fig. l ) , and it was these same inshore areas that were characterised by low-oxygen bottom water. In other words, there is a spatial e l e m e~t to the changes observed in the zooplankton assemblage.
The presence of low-oxygen bottom water was suggested by T. J. Hart to Jones (1955) in explanation of the high numbers of planktonic Cumacea observed in the Benguela. Low-oxygen water is characteristic of the region during late summer and autumn (Chapman & Shannon 1985) . Although one might expect local benthic species to be adapted to these conditions, the very seasonal nature of the low-oxygen events in the southern Benguela (as opposed to the northern Benguela; Bailey & Rogers 1997) may preclude this, unless such events are gradual and the organisms have (1987) and Gibbons (1993) . It is assumed that individuals with little or no pigment in their guts represented individuals with empty guts time to acclimate. Unfortunately, data to support this are missing. Certainly, water with very low concentrations of dissolved oxygen are associated with the mass mortality of some nearshore benthic invertebrates such as the crayfish Jasus lalandii (De Decker 1970 , Newman & Pollock 1977 . However, the levels of oxygen observed were obviously not low enough to influence the distribution of some holozooplankton such as Sagitta tasmanica (Fig. ?A) . Interestingly, high densities of zooplankton have been observed in the deep (>400 m ) , low-oxygen water (<0.2 m1 I-') that occurs seasonally on the Californian shelf by Longhurst (1967) , and it is clear that some benthopelagic species have respiratory adaptations that allow them to survive there (e.g. Childress 1971 ). Longhurst (1967) noted significant upward vertical movement of some zooplankton from oxygenpoor waters at night. He explained such movements as adaptive, where oxygen-rich water was present at the surface, and such an hypothesis needs little modification to be applied in this case to the zoobenthos.
In summary then, the results suggest that as the upwelled water mass moved offshore, the composition of the non-copepod zooplankton assemblage changed in a spatio-temporal manner. The changes were partly due to the 'emigration' (settlement and growth) of the initial colonisers, and a combination of vertical recruitment and subsequent accumulation of 'immigrant' species from the benthos and deeper water. It is hypothesised that the poor food supplies to the benthos encouraged the various amphipods, mysids and cumaceans to migrate upwards at night, and recruit to the plankton. These immigrants failed to return to the benthos during the day because of the presence of lowoxygen bottom water, over which the organisms then found themselves.
There are almost no studies which can be usefully compared to the present one, although Verheye (1991) conducted a 28 d anchor-station study in St Helena Bay during late summer 1987. The results of their work indicated that the relative composition of the non-copepod zooplankton assemblage remained unchanged, despite some significant changes in the physical structure of the water column caused by pulsed upwelling events. Interestingly, however, Verheye (1991) noted only low numbers of cumaceans and other benthic invertebrates in the water column, even though the concentration of dissolved oxygen in the bottom water was also less than 0.5 m1 I-'. This suggests that the presence of low-oxygen bottom water, on its own, need not lead to an accumulation of zoobenthos in the water colun~n, although these authors did not study the sedimentation of phytoplankton.
